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In 1965, a book was published with the title Research Frontiers in Fluid 
Dynamics, edited by Raymond Seeger and G. Temple. It was intended to give 
a panoramic view of some exciting vistas in fluid dynamics. It covered the 
following areas: (I) High-speed aerodynamics; (2) magnetophydrodynamics 
(MHD); (3) physics of fluids (low or high density, low or high temperature, 
etc); (4) constitutive properties of fluids (viscosity, viscoelasticity, etc.); (5) 
oceanography and meterology; (6) astrophysical and planetary fluid mechanics; 
and (7) mathematical aspects and numerical aspects. A few of these areas, 
such as MHD, have blossomed and faded away within a short decade. Some 
others, such as high-speed aerodynamics, have reached maturity and hope to 
keep their momentum. In the intervening years, we have witnessed that a number 
of fields in fluid mechanics have revived from their old times into a new life; 
still, some have emerged with brand new growth. For instance, the subject 
of long waves has had a colorful development, with the result of improving 
our understanding of at least seven different physical phenomena, though 
originally the solitary water wave was its home base. Low Reynolds number 
flows have again received new stimuli from many needed applications such 
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as aerosol physics, two-phase flows, rheology, geophysics of the earth interior, 
as well as micro and molecular biology. Oil exploration has motivated various 
aspects of marine-related research and development, giving ever-increasing 
activities in ocean engineering. The energy program, a new glamorous field 
by its own importance, has brought forth investigations of fluid mechanical 
problems pertaining to nuclear, geothermal, solar, wind, ocean wave, and other 
forms of energy sources. 
Riding on the waves of these broad movements that have carried us thus 
far, we now hope to forecast the future of fluid mechanics research in 1986. 
We may like to put the focus at a slightly different depth and ask: What will 
be the most significant areas of fluid mechanics that by 1986 will enjoy the 
best prospects of vigorous development, most rewarding not only to the fluid 
dynamicist but also to mankind, and by then, still offer the expectation of 
longevity into the 1990's? The task is almost as hard as to make a prophecy 
on what the political world will be in 1986. 
Starting from the cell level, myriads of microorganisms-the protozoans, the 
bacteria, the algae, and the fungi-provide a rich ground for studies of the 
underlying flow processes involved. Both the exterior and interior biofluid 
dynamics are basically low Reynolds number or pulsatile flow phenomena. As 
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we have gradually learned, these studies still require improved tools. The 
mathematical tools that we are sharpening to attack these problems are in turn 
very useful for handling even more challenging problems. Going down the scale 
to molecular biology, we enter a virtually virgin land for the fluid dynamicist 
to contribute to the fundamental biological problems of macromolecular dynamics, 
membrane processes, the mechanism of microtubular action, intracellular stream- 
ing, macromolecular structure, etc. Going up to the level of complex biosystems, 
we find again endlessly interesting flow problems at the level of the large 
aggregations of the planktons (which form the important base of a food-chain 
pyramid), in larger plants and animals, and of course in man (see Fig. 1). 
The disciplines that are required for such collaborative studies are many. 
They include nearly all types of high, intermediate, and low Reynolds number 
fluid mechanics that must accompany related efforts on biomechanics, biochem- 
istry, and biophysics if a balanced investigation is to be achieved. Of particular 
interest in these studies are the aspects of transport processes, mechanics of 
suspensions and particulates, flow in a porous medium, biorheology, and 
biomaterial properties. The results will no doubt further clarify our understanding 
of physiology, bioenergetics, and immunology, as well as advance our knowledge 
of fluid mechanics. 
The objectives are noble. By this collective endeavor in which the fluid 
mechanician has such an important role to play, we hope to maintain the ecological 
equilibrium and to upkeep the vital food-chain pyramid. Without achieving this 
goal we will be handicapped to promote growth rate (of food) where it is needed 
and to control the population balance-an absolutely essential task. Only when 
this primary issue is under check can we afford to devote more leisurely efforts 
to health care, medicine, and to the increase of human longevity. 
FLUID MECHANICS RELATED TO GEOSCIENCES 
The science of the ocean, the atmosphere, and the earth is also a rapidly 
expanding field. Although the fluid dynamicist has already made significant 
contributions in this general field, our knowledge is still quite insufficient in 
many areas. The circulation of the ocean and the layered currents at different 
depths in the ocean due to the solar heating are understood only qualitatively. 
The distribution of the heat over the globe and the balance of water vapor 
and carbon dioxide in the atmosphere, with the sea acting as a huge reservoir, 
dictate our climate. Better understanding of the lithospheric plates movement 
is helpful for predicting the mechanism and scale of earthquakes and tsunami 
generation. Several problems are worthy of more attention. One is the long-cycle 
(over hundreds of years) variation of ocean sea level due to the growth and 
receding of the polar ice caps, for such a change would affect the inhabitants 
over the globe by a magnitude no less than a severe shortage of food and 
energy. Another phenomenon, as has been recently noted, is the current rate 
of expansion of the desert land on a world-wide scale. This is certainly menacing, 
especially when food will be in more need, let alone the forecast of "an inevitable 
famine" the world may face in a not-so-distant future (see Fig. 2). 
The fluid mechanics research in this field also involves many facets. Already 
familiar to many of us are the stratified and rotating flows, ocean waves of 
different kinds, tsunamis, and coastal effects. Emerging with the modern 
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technology are the increasing activities in ocean engineering and naval architec- 
ture. A very important problem pertaining to irrigation and desert confinement 
is that of the flow through a nonsaturated porous media. 
With this brief overview, we should be aware of the important future research 
in fluid mechanics that will be necessary if the environmental equilibrium is 
to be maintained, the fertile land is to be conserved, and the desert is to be 
reduced. It may be challenging, yet it is quite feasible to develop mariculture 
on a large scale for food supply, and to tap on the rich reserves of energy 
and material from the sea. 
SC~ENCE OF FLOWS 
The question may be raised at this point whether, indeed, the term fluid 
mechanics has not become a misnomer, as the future of our knowledge of 
flow processes will depend to increasing degree on chemistry, electricity, 
magnetism, and information theory. 
If one accepts this view, it then becomes imperative to reopen the process 
b y  which a discipline is established-the process that goes from the purely 
descriptive stage when phenomena are first observed, to the establishment of 
quantitative laws, to the deductive axiomatic stage in which the laws obtained 
by observation are shown to be the necessary logical consequence of a few 
hypotheses or assumptions. If we look at the study of flows in this light, fi 
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is obvious that while some aspects in the range of phenomena with which we 
are dealing are already at the deductive and axiomatic state, e.g., the theory 
of perfect fluids, other aspects are at the purely descriptive stage, e.g., some 
nonlinear fluid mechanics, and others yet (such as turbulence studies) are at 
the intermediate level. 
We can, in other words, say that we have today a developed science of 
flows only if we restrict the field of phenomena with which we are dealing. 
If we intend to establish a more general science of flow, it appears thus 
that we must tear down these restrictions and search for a more general set 
of laws and axioms. 
Opinions can be widely divided as to what the essential nature of the new 
science of flows would be-whether, e.g., it could stem from an all-encompassing 
energetic approach, or whether it can unfold from the relation between information 
theory and entropy. These considerations have profound educational implications, 
as well as implications for the basic research strategies necessary for the future 
development of the field. 
COUPLING OF COMPUTATIONAL AND EXPERIMENTAL FLUID MECHANICS 
To anticipate where we might be heading it is useful to consider where we 
recently have been. The recent developments which had the greatest impact 
on fluids research have come from another field-electronics. The high-speed 
computer has led to the development of a new line of inquiry in fluid mechanics- 
computational fluid mechanics-and the new generation of electronic-based 
instrumentation for fluids research together with the online data handling that 
the computer has made possible have made experiments that formerly would 
have been impossible now routine. Accordingly, it seems reasonable to expect 
that research will continue to be heavily influenced by the seemingly unending 
electronic revolution. By 1986 computational hydraulics and fluid mechanics 
will hopefully have attained its majority, and problems that formerly were handled 
by approximate analytical means or experimentally will be solved numerically. 
The laboratory will not be a relic, however. On the contrary, experimental 
fluid mechanics will still play a vital role, supplying the necessary inputs for 
numerical models, investigating phenomena that are too complex to be attacked 
numerically, and guiding the development of numerical models. Here the new 
experimental techniques and instrumentation will make it possible to conduct 
experiments much more rapidly and economically than now is the case. Physical 
and computational models will be integrated into complex units, with the computer 
both analyzing the output of and directing the course of experiments. It would 
not be surprising to see the manometer relegated to the domain of the slide 
rule. Instead, pressures, velocities, and discharges will be measured electronically, 
using pressure transducers or electro-optical devices. The coming of age of 
microprocessors will make "smart instruments" quite reliable and relatively 
inexpensive. Thus, e.g., turbulence velocities will be measured either with 
laser-Doppler instruments or by means of heat-transfer devices (hot film or 
thermistors) in which the cumbersome boxes of electrical plumbing and electronic 
tricks we all have come to know and hate will be replaced by small special 
purpose computers which greatly simplify calibration and data reduction. New 
types of computers will be in common use; these will approach the human 
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brain in their compactness and "intelligence density," and will surpass it in 
speed and likely in reliability. 
The foregoing comments have been of the type one reads in the "Our New 
World" feature in the Sunday newspaper comic section, and have been concerned 
more with "how" than "what." It is understandable that one treats the topics 
in this order, for the former is surely easier than the latter. Concerning the 
"what," it is practically assured that turbulence research still will be in vogue'. 
Turbulence will be as much of a "frustrating enigma" to the 1986 researcher 
as it was to Saint-Venant. Turbulence research is akin to dermatology: no cures 
(the problem is never solved), no kills (every project yields a publication), high 
fees (every research agency has one or more turbulence phenomena on its 
list of priority subjects). To gain some appreciation for the outlook in this 
problem one has only to real Horace Lamb's view of it as recounted by Sydney 
Goldstein in his historical article in Volume 1 of Annual Review of Fluid Mechanics. 
An emerging new mission for turbulence research is supplying the inputs required 
by the numerical methods based on the closure of the conventional Reynolds 
equations, or the more recently developed subgrid models. And who knows? 
Perhaps in the course of conducting the clever experiments required to "set" 
the steadily diminishing number of "turning knobs" these computer-based models 
incorporate, someone will bet the million dollar idea which will reduce turbulence 
problems to manageable proportions. One might optimistically expect that by 
1986 a rational theory of turbulence will have been developed which will make 
possible at least the solution of the mean-flow equations. 
There is reasonable optimism that new techniques will permit new experiments 
and solutions, e.g., laser-Doppler anemometry now permits reliable nondisturbing 
velocity measurements even in highly turbulent separated flow regions and may 
be complemented with very effective flow visualization by laser irradiation of 
a photochromic tracer fluid in liquid flows. There is also continuing improvement 
in the ability of analysis to treat more complex problems without recourse to 
expensive fully numerical solutions, e.g., for a very wide spectrum of applications 
differential inequalities can be used to obtain upper and lower bounds on unknown 
solutions to problems with complex equations, geometries, or boundary condi- 
tions. 
The inability to model some of the flow problems expected to arise and 
the need for uncompromised system reliability will require that research as 
well as commissioning tests be carried out on full-scale structures and equipment. 
This can only promote the long overdue recognition that prototype measurements 
can provide beneficial feedback for not only the design function but also for 
the research and development that leads to improved performance, reliability, 
productivity, etc. 
Methodologies for the design of efficient synoptic field data collection programs 
are needed. Our mathematical and numerical techniques related to the develop- 
ment of sophisticated mathematical models have advanced far faster than the 
data base needed for model calibration and verification. The most difficult problem 
is one of coordination between the needs of the data user and the data collector. 
Synoptic data is needed for internal parameters and open boundary conditions 
for the testing of turbulence closure hypotheses relating to momentum and 
masbexchange coefficients. 
The advent of the age of restricted availability of natural resources surely 
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will provide an impetus to technological development, for much of what has 
been invented and developed against a background of presumed limitless resources 
will have to be redeveloped to function with limited resource input. This will 
require major contributions from fluids research, e.g., development of low drag 
vehicles, and a quest for a better understanding of fluid drag, will result from 
the diminishing supplies of fossil fuels available for transportation. It now appears 
that low drag bodies can reasonably be expected in grasp; these will lead to 
significant improvements in fuel efficiency of vehicles. Although significant 
improvements will have been made in techniques for calculating viscous flow 
around and behind bodies, further developments will be forthcoming. By 1986 
the stage will have been set for a flow-computation computer package that 
does for flow around bodies or through channels what COG0 did for surveying 
and STRESS did for structural engineering. One of the most exciting prospects 
concerning this tool is that it likely will be able to handle Newtonian and some 
non-Newtonian fluids with equal facility. 
As the 1970s will be known as the decade of the energy crisis, the 1980s 
might be the decade of the energy and water crises. In technologically oriented 
societies where significant government funding of research exists, there is 
increasing pressure to respond to perceived national priorities. Energy supply 
and conversion and environment protection are fields of continuing elevated 
public concern and therefore are likely to maintain a high political profile. Thus, 
considerable fluid-mechanics research will continue to find its motivation in 
the environment area as in recent years and increasingly and perhaps more 
importantly in energy-related matters. Our efforts to solve many energy problems 
are increasingly limited by availability of water and by environmental degradation 
of water. Examples are increasing water consumptive demands-for evaporative 
cooling associated with steam electric generation, for coal gasification and oil 
shale recovery, and the environmental impacts of surface mining of coal. 
Fluid mechanics research in the 1980s will be directed to all aspects of water 
conservation including reuse of water through improved waste treatment processes 
and the restoration of natural water bodies, especially lakes polluted by inputs 
from scattered sources. Research needs in these areas are at the interface between 
the fluid mechanics of transport and mixing processes and the biogeochemistry 
of aquatic nutrient cycles. Some specific examples of research needs are internal 
transport and mixing processes in tanks, ponds, and lakes of finite dimensions 
in which there is a high degree of interaction between near-field (jet induced) 
mixing and far-field transport and decay processes. Basic research is needed 
on buoyant jet mxing in situations where the jet is confined by lateral and 
vertical boundaries or where the jet is discharging into a density stratified ambient 
fluid. The ability to predict the dispersive transport characteristics (between 
the limiting cases of plug flow and fully mixed conditions) of tanks and ponds 
in relation to their physical dimensions and inlet jet geometry is poor. Related 
problems include the interaction of algae with light transmission and temperature 
distribution on stratified flows and the vertical exchange and sedimentation 
of aquatic organisms in turbulent flows. 
As we approach complete utilization of our water and air resources, we must 
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use them more efficiently. This will entail development of more efficient irrigation 
techniques, which will require a better understanding of: (1) Water movement 
in soils and uptake and utilization by plants: (2) techniques for reducing 
evaporation, which will require better understanding of vapor diffusion and 
air-sea (water body) interaction; (3) better river and reservoir management, which 
cannot be achieved until we more fully understand liquid-solid flows and density 
stratified liquids; and (4) improved processes for wastewater treatment, which 
await fuller understanding of the relation between turbulence and certain chemical 
and biological processes. And so on and on; the list is nearly endless. By 1986 
the subject of transport processes will be firmly entrenched as a major branch 
of fluid mechanics which treats processes involving growth, decay, biological- 
chemical reactions, radiation, etc. The relevence of this part of fluids tp 
biofluidmechanics is apparent. 
From the point of view of evaluating and optimizing the performance of 
processes and equipment, flow involving heat or mass transfer, or both, will 
be emphasized. Therefore, multiphase flow will be an important area of research. 
At the time, the dimension of processes are increasing, to achieve optimal 
condition, e.g., per unit generating capacities for power plants. This requires 
order-of-magnitude increases in flow rates and places emphasis on flow Reynolds 
numbers which are presently difficult to obtain or altogether unattainable on 
a laboratory scale, e.g., little experimental data exist for flow around even 
a single heat-exchanger tube (whereas they are actually in a bundle configuration) 
for Reynolds numbers > 2 x 10'. However, it is known that in the range 
2 x 10' < Re < lo6 boundary-layer transition occurs and that the position 
of separation becomes highly unsteady and Reynolds-number dependent. The 
engineering designer clearly wants to know the effects of this phenomenon 
on the heat transfer and fluid-dynamic forcesin order to evaluate both performance 
and reliability for equipment operating within this range. Of course, large Reynolds 
numbers (Re > 10') are also common for marine structures as well as slender 
buildings and towers. 
The trend to larger scales and capacities requires increased reliability to limit 
the enormous costs associated with production lost because of equipment failure 
or malfunction. This is particularly true for nuclear power plants because of 
complex safety requirements and such things as exposure limits for trained 
maintenance staff. In order to improve reliability, it will be necessary to replace 
"rule of thumb" design with precise engineering. Such changes will certainly 
stimulate research in, e.g., flow-induced oscillations to determine reliable criteria 
for use in the design stage. In this particular case, a challenging research 
opportunity exists, since little or no design criteria have been established for 
many simple but frequent configurations. Much is to be gained from elastic 
modelling in the laboratory as well as fundamental research in flow instability, 
laminar and turbulent boundary-layer response to free stream unsteadiness or 
boundary oscillations, and the coherent structure of turbulent shear flows. Work 
in these areas will help explain real-fluid effects on the coupling between the 
feedback mechanism and flow oscillations. 
To develop ocean resources, we have to understand our design criteria and 
to extend our design capability. Both the analysis and measurement of nonlinear 
directional wave spectrum will be an important area in 1986. The combined 
analysis of wave and current, the shallow-water response to hurricane, and 
\ 
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sediment transport will remain to be significant in ocean engineering. 
There has been a tendency in industry to simply accept cavitation as an 
unavoidable side effect in handling liquids, whether the device involved be 
I a pump, turbine, or marine propeller. However, this trend cannot continue since 
cavitation problems are becoming more acute. This is especially true in both 
the marine propulsion field and in the generation of hydroelectric power. Much 
of modern cavitation research touches on a broad variety of related areas of 
research such as turbulence, boundary layer theory, aero and hydroacoustics, 
and various hydroelastic phenomena, especially those involving flow over bluff 
bodies. In fact, it is this awakening to the relevance of cavitation research 
to other fundamental research areas that should lead to a more rapid solution 
of cavitation problems. Cavitation inception studies will most probably shift 
their emphasis from streamlined bodies to that of free-shear flows. The prediction 
of flow conditions under partially cavitating conditions for both steady and 
unsteady flow must be studied before reasonable design procedures for various 
hydraulic machinery can be developed. Cavitation erosion is clearly a field 
that will receive intensive study in the future. Not only the mechanism of damage 
will receive attention but various aspects of a given flow field relative to erosion 
will be studied to determine if there is an optimum flow configuration to minimize 
damage when cavitation cannot be avoided. The field of cavitation noise most 
probably will receive intensive study in the future. It is also expected that 
cavitation research will be carried out on a more sophisticated level in the 
future with much more reliance on fundamental studies of related fluid mechanical 
problems. 
Necessarily, the objectives of the research will be formulated within much 
broader multidisciplinary and mission-oriented projects. Such a framework will 
be necessary for the effective structuring and transfer of research data into 
useful and reliable engineering design criteria. The transfer-of-technology aspect 
has been largely neglected in the past but will play an important role in developing 
research programs of visible impact in order to satisfy the spreading principle 
of "management by results" which currently pervades the operation of funding 
agencies. 
Speculating on the future course of any area of research is at best an adventurous 
undertaking, for uncertainty in new innovation is the essence of research. Who 
can predict when a discovery will be forthcoming that will make much earlier 
work in a field obsolete and change the whole course of inquiry? The matter 
is made more difficult by the rapid rate-indeed, even the increase in the 
rate-with which technology is advancing, and by the dependence of the research 
community on the whims of the federal funding agencies. Finally, the new 
dimension of resource limitation which the world now is facing will have impacts 
on fluids research which still cannot be foreseen clearly. Nevertheless, it is 
important for researchers, and essential for research administrators, periodically 
to evaluate the recent advances in their fields, to assess its current state, and 
to hazard what the next developments might be and what directions their studies 
should take.' Failure to do so can result in basic research becoming merely 
aimless research, and soon will exact its toll in this era when extensive funding 
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is both essential to the conduct of many types of research and is competitively 
sought by many well qualified investigators. In any event, in the present 
assignment the would-be seers can derive a major quantum of solace from 
the knowledge that by the time 1986 arrives, most or all of what is projected 
here will have been long forgotten. 
There will continue to be new discoveries and inventions which impact on 
fluids research, but anticipating these is the most dicey undertaking of all. Who 
could have anticipated the Tom's effect, which spawned a generation of intense 
research? Who foresaw the fluid amplifier even a few years before it burst 
on the scene? (And even if it has found only limited application, it did serve 
as the basis for many a research grant!) The latter-day bulbous ship bow was 
perhaps only a rediscovery of a feature the Romans 'ncorporated into their 
war galleys, but its modern exploitation required extensive I uids research. What 
will the next developments be? It issnot possible to say, but surely there will 
be a continuing stream of them. But whatever they may be, the directions 
fluids research takes will continue to be heavily influenced by societal needs, 
and that underlying every application -there are basic fluid phenomena which 
are not fully understood or adequately formulated. 
The ancients viewed the whole universe as being composed of air, water, 
fire, and earth. The first two of these are immediate domains of the fluid 
mechanician, and mastery of the third requires extensive contributions from 
him. This consideration would suggest that those of us who make our living 
by studying fluids will continue to have abundant outlet for our energies for 
many years to come. 
In the future, as now, the most significant research contributions will be 
made by those individuals who have the imagination and foresight to avoid 
the pursuit of certain topical research areas to the point of diminishing returns. 
